Shape, dynamics and viscoelastic properties of eukaryotic cells are largely governed by a thin reversibly cross-linked actomyosin cortex located directly beneath the plasma membrane. We obtain time-dependent rheological responses of weakly adhered mesenchymal cells (fibroblasts) and epithelial cells (MDCK II) from parallel-plate compression and force relaxation experiments.
Many cellular processes such as adhesion, motility, growth, and development are tightly associated with the mechanical properties of cells and their environment [1] [2] [3] . Vitality and fate of cells are often directly inferred from their elastic properties [4] [5] [6] [7] . In search for effective and standardized mechanical phenotyping of living cells, a number of tools have been developed that permit precise measurements and even high-throughput assays based on optical stretchers or microfluidic devices are available that allow to analyze many thousands of cells in suspension in a very short time [7] . It is indisputable that the mechanical response of cells to external deformation is predominately caused by the cellular cortex [8, 9] . The cortex forms a composite shell consisting of a compliant but contractile actin mesh with a large number of actin binding proteins coupled to an almost inextensible lipid membrane [10, 11] . The thin actin cortex can be contracted by the action of motor proteins such as myosin II resulting in a measurable pre-stress that provides resistance against deformation at low strain for adherent cells [8, 12] . As first pointed out by Fredberg, Fabry and coworkers, rheological parameters of compliant cells such as the complex shear modulus generally obey a power law dependency G * ∝ ω −β over multiple decades in frequency ω, reflecting an intricate energy landscape provided by a reversibly and actively remodeled cross-linked cytoskeleton [13, 14] . The dimensionless power law coefficient β characterizes the degree of fluidity and energy dissipation upon deformation, where β = 0 represents an ideal elastic solid and β = 1 a Newtonian liquid. Values obtained for the power law coefficient of living cells are usually independent of cell type and range between 0.2 -0.4 for adherent cells [4, 13] and 0.3 -0.6 for cells in suspension [15, 16] . However, the description of rheological spectra or associated response functions (creep or relaxation) almost exclusively relies on models based on contact mechanics. As a consequence, the current models treat the cells as a semi-infinite continuum and neglect their composite nature, shell-like geometry, fluid core and the existence of pre-stress [4, 13] . The challenge lies in closing the gap between the rheological properties found for living cells and those of artificial actin cortices. A large leap forward was recently made when Mulla et al. could show for reversibly linked artificial actin networks that transient cross-linking combined with internal stress can explain the low power law coefficients observed for cells [17] . Our goal is to obtain fundamental insight into the universal impact of internal stress on the viscoelastic properties of cells. As a consequence, a viscoelastic model is required that permits to relate pre-stress of cells to fluidity from deformation-relaxation experiments. Concretely, we devise an analytical viscoelastic model of the cortex based on power law rheology that permits to describe force compressionrelaxation curves recorded at different velocities and forces over the entire experimental time scale. We use parallel-plate-like compression and relaxation of cells with an atomic force microscope and took measures to minimize adhesion of cells that might compromise their spherical shape ( Fig. 1A ) [18] . Drugs like blebbistatin [19] and calyculin A [20] were administrated to arrest and boost myosin activity, respectively, allowing us to alter the intrinsic pre-stress in a predictable fashion.
In our model we consider the thin cortex as a two-dimensional continuous material with negligible bending stiffness and zero area shear modulus [21] [22] [23] . We refer to this model as the viscoelastic Evans model throughout the text due to his seminal and initial work on cortex mechanics [21] . Viscoelasticity of the 2D area compressibility modulus is assumed to follow a power law. As demonstrated previously, the experimental setup ensures small curvature of the cell cortex therefore permitting to neglect bending contributions to the Hamiltonian [18, 24, 25] . Minimizing free energy assuming constant volume leads to minimal surfaces of constant curvature with the force balance f at the equatorial radius ( Fig. 1B) :
with R 0 the equatorial radius, R i the contact radius, α = ∆A A 0 the relative area change, T 0 the pre-stress and K A the area compressibility modulus of the cortex. It is straightforward to cast the model into non-dimensional form that permits to write eq. (1) as g (ξ) = f RcT , with ξ = z/R c (Fig. 1B) . R c is the initial radius of the cell in suspension and T denotes the overall homogeneous tension. Hence, g(ξ) and α(ξ) are generic functions that only need to be computed once. Both functions can easily be approximated by polynomials
permitting to obtain an analytical solution of the corresponding elastic-viscoelastic problem (usually n = 3 is sufficient to reach an accurate result, see supplementary information, SI). The general hereditary integrals for the restoring force during compression f comp (0 < t < t m , eq. (2)) and relaxation f rel (t > t m , eq. (3)) read [26] :
Here we use ξ ≈ v 0 t Rc for compression with the constant velocity v 0 , and ∂α ∂t = 0 for relaxation. Hence, the second integral of eq. (3) vanishes naturally. Assuming a power-law behavior of K A = K A0 (t/t 0 ) −β with the timescaling parameter t 0 , integration of eq. (2) and (3) is straightforward (see SI). Because K A0 and t 0 are not independent due to the scaling invariance of the power law, t 0 can be chosen arbitrarily and is usually set to 1 s [14] .
Therefore, the scaling parameter K A0 might deviate from the area compressibility modulus of the cortex obtained from purely elastic models.
In contrast to the proposed Evans model, Hertzian contact mechanics describes the cell as an continuous sphere in contact with a plane (see SI). between the plates. The full curve from the contact to the end of the relaxation curve was modeled with eqs. (2,3) by adapting the three fitting parameters, cortical tension T 0 , area compressibility modulus K A0 and the power law coefficient β (see SI). For precise scaling, the size of each cell (R c ) was measured by phase contrast microscopy prior to compression (Fig. 1C) . Before applying the model to experimental data, we want to examine the impact of the three parameters T 0 , K A0 , and β ( Fig. 2A) . It becomes immediately clear, that the curve shape agrees qualitatively with Fig. 1D . While an increase in cortical tension increases the slope of the compression curve it only adds an offset to the relaxation part (A1). Increasing the area compressibility modulus influences the compression part at larger strain and also the relaxation by increasing the amount of dissipated energy (A2). Increasing β results in a larger slope during compression and a quicker drop of the yield force at relaxation (A3). Fig. 2B shows representative fits of eqs. (2,3) to compression-relaxation curves of fibroblasts loaded with 0.5 µm/s (B1) and MDCK II cells loaded with 0.5 µm/s and 5 µm/s, respectively (B2). The viscoelastic Evans model fits the data for both cell types very well and also describes the curves over a large loading rate regime (0.5 -20 µm/s, see SI). Since hydrodynamic drag in the onset of the compression curve is only negligible at low approach speed subsequent experiments were carried out predominately at low speed (≤ 1 µm/s).
Describing the force relaxation after compression of the cell with the viscoelastic Hertz model (eq. 4, Fig. 2C (blue line), Fig. S4 ) falls short at describing the initial relaxation after compression compared to the Evans model (red line). As a consequence, β values obtained from viscoelastic Hertz mechanics are systematically smaller than those provided by the Evans model (Fig. S4B ). Chadwick and coworkers proposed a poroelastic behavior of the cells (MDCK II) that was necessary to describe the initial relaxation response after fast loading [27] . Here, we show that this initial drop is well captured by simple power law rheology but requires treatment of the actomyosin cortex as a pre-stressed shell as in the proposed Evans model. Cells with very low cortical tension can be modeled by the viscoelastic Hertz model and the Evans model both providing almost identical power law coefficients (Fig. S5D ).
The outcome of the fitting procedure, i.e., pre-stress T 0 , area compressibility modulus K A0 , and power law coefficient β, for fibroblasts, MDCK II cells and MDCK II cells treated with either blebbistatin or calyculin A are provided in Fig. S5A -C. Interestingly, in this early state of adhesion/development of the cells, fibroblasts and MDCK II cells display nearly identical mechanical properties stressing the universal viscoelastic features of cortices in mammalian cells. Switching off myosin activity by adding blebbistatin to weakly adhering MDCK II cells has substantial impact on the power law coefficient. An increase in β is indicative of cortex fluidization, which we attribute to a loss of transient crosslinks otherwise provided by myosin bundles. In contrast, addition of calyculin A, which is a potent phosphatase inhibitor that increases myosin II activity results in larger cortical tension T 0 and slightly reduced fluidity (see SI). Generally, we find that cells with stiffer cortices display a smaller power law exponent ( Fig. 3) . β decreases logarithmically with K A0 (Fig. 3A, Fig. S5E) . The same has also been predicted by Gardel et al. [28] for the differential modulus and Kollmannsberger et al. [29] for the compliance of various cell types. Note that the compliance J(t) is inversely proportional to the Young's modulus E(t) = 1/J(t) = K A (t)/d, with d the cortex thickness. Importantly, the model also permits to correlate internal pre-stress with fluidity. We found that an increase in internal stress due to higher myosin activity is accompanied by a reduction of the power law coefficient (Fig. 3B) suggesting that cells with a stiffer, more [17] suggesting that the glassy dynamics of the cortex are a natural consequence of transient cross-links combined with intrinsic pre-stress. Here, we can confirm that the source of the pre-stress responsible for low β values of the cortex of living cells are indeed myosin motors. In the absence of motor activity and therefore low pre-stress T 0 , β peaks around ≈ 0.5 − 0.6 as theoretically expected for reversibly cross-linked actin filaments [17] reflecting the broad spectrum of relaxation times from the unbinding and rebinding of various crosslinkers. However, at larger pre-stress the network indeed solidifies as predicted by Koenderink and coworkers [17] .
In conclusion, we found that a viscoelastic shell model is capable of describing cell compression and relaxation experiments in a consistent manner over the entire time scale. Epithelial cells show a decrease in fluidity with increasing pre-stress thereby closing the gap between rheological experiments of artificial actin networks and cortices of living cells.
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